Accurate potential energy curves, transition moments, spectroscopic constants, radiative transition probabilities, and lifetimes for the states X 2 Σ + and A 2 Π of BeF, MgF and CaF are reported using high level calculations. Diagonal transitions dominate for the A 2 Π → X 2 Σ + system. Radiative lifetimes for ν = 0 are predicted to be 6.81 ns, 7.16 ns and 19.48 ns, respectively for BeF, MgF and CaF. The result calculated for the CaF molecule are in excellent agreement with the experimental result equal to 21.9 ± 4.0 ns.
I. INTRODUCTION
The characterization of the electronic ground state (X 2 Σ + ) and the fi rst excited state (A 2 Π) of the molecules BeF, MgF and CaF has been well established both experimentally [1] [2] [3] [4] [5] and theoretically [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Despite of the existence of various theoretical investigations on theses molecules [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , as far as we know, there is not any study reporting results for transition probabilities and radiative lifetimes for the MgF similar to that carried out for BeF [11] . However, for the CaF molecule, the radiative lifetime for ν = 0 of the A 2 Π → X 2 Σ + transitions was determined equal to 21.9 ± 4.0 ns directly from the rate of fluorescence decay using a pulsed dye laser as an excitation source [16] . Recently, we have also concluded similar studies for the diatomic molecules formed by the alkaline-earth atoms (Be, Mg and Ca) with the second period atoms (B, C and N) [17] [18] [19] .
With the purpose of providing additional results that can contribute to future spectral analysis and spectroscopic characterization of these molecules, the present study, by focusing mainly on the two doublet electronic states X 2 Σ + and A 2 Π, provides a unique comparative study of the spectroscopic properties of these isovalent alkaline-earth monofluorides. Using the same theoretical approach for the three systems, namely multireference singles and doubles confi guration interaction (MRCI) and moderately large basis sets, a comparative characterization of their emission processes via the calculation of radiative transition probabilities and the radiative lifetimes of the band systems A 2 Π − X 2 Σ + is presented. It is expected that these results can complement and guide further experimental work on these systems.
II. METHODS
In this work we are concerned with a description of the fi rst two lower-lying states (X 2 Σ + and A 2 Π) of the BeF, MgF and CaF molecules. Both states are correlated with the fi rst lowest dissociation channel (M ( 1 S g ) + F ( 2 P u ); M = Be, Mg, Ca). The electronic calculations basically involved two steps. In the fi rst one, the aim was to assess the importance of static correlation effects and to defi ne a common set of molecular orbitals; in the second step, one was mainly concerned with incorporating as much dynamic correlation as possible in the final wavefunction having in mind a balance between its dimension and computation time. Our choice of atomic basis functions was the augmented correlation-consistent polarized valence quadruple-zeta (aug-cc-pVQZ) type developed by Dunning and collaborators available at the Extensible Computational Chemistry Environment Basis Set Database [20] [21] [22] .
For each molecule, the fi rst step consisted of state-averaged complete active space self-consistent fi eld (CASSCF) [23, 24] calculations for three doublet states. At C 2 v point group, the three doublet states are distributed according to the symmetry representations A 1 (1), B 1 (1), B 2 (1). Averaged natural orbitals were computed using the CASSCF wavefunctions which contained all possible electronic excitations resulting from the distribution of 9 electrons into 8 active orbitals (4,2,2,0), which comprised the valence orbitals. The fi nal multireference confi guration interaction wavefunction (MRCI) was generated as all single and double excitations from the reference set formed by all the CASSCF confi gurations. The MRCI wavefunction was constructed by the internally contracted approach [25, 26] implemented in the MOLPRO suite of programs [27] . Using the MRCI wavefunctions we have generated potential energy functions, dipole moment functions and transition moment functions.
The solution of Schrödinger's radial equation for the nuclear motion was carried out using the Intensity Program [28] , which besides calculating vibrational-rotational energies and vibrational wavefunctions, allowed also for the calculation of radiative transition probabilities and radiative lifetimes.
Transition probabilities for emission as given by the Einstein A ν ν coeffi cients have been obtained by the expression
where µ T M (R) is the electronic transition moment function, < ν | and | ν > symbolize the upper and lower vibrational state wavefunctions, ν ν ν is the transition energy, and
is the degeneracy factor. The multiplication constant is the appropriate factor to express the probabilities in s −1 , when the transition moment is given in units of eÅ, and the energy in cm −1 . Radiative lifetimes were evaluated as the inverse of the total Einstein A ν coeffi cients. Spectroscopic constants were evaluated by standard fi tting procedures [29] .
III. RESULTS AND DISCUSSION
In Figs. 1 to 3 are plotted the potential energy curves for the two lowest-lying states (X 2 Σ + and A 2 Π) of the isovalent molecules BeF, MgF and CaF, respectively. In Table I are summarized some spectroscopic constants for the three molecules calculated for the two electronic states along with previous experimental and theoretical results. In all molecules, as already described in a previous work for the BeF molecule [11] , the ground state (X 2 Σ + ) and the fi rst excited state (A 2 Π), around their equilibrium distances, are dominated, respectively, by the confi gurations ...n −1 σ 2 nσ 1 mπ 4 and ...n −1 σ 2 mπ 4 m +1 π 1 with the coeffi cient squared of these CSF (c 2 ) greater than 0.90. The orbitals n −1 σ and mπ correspond essentially to the 2p orbital of the fluorine atom and the nσ and m +1 π molecular orbitals correspond to the 2s and 2p orbitals of the alkaline-earth atom. These confi gurations describe an ionic structure with the polarity M + F − . At large distances the confi gurations change to properly describe a covalent structure at the dissociation limit M ( 1 S g ) + F ( 2 P u ). The equilibrium distances for the states X 2 Σ + and A 2 Π increase as the size of the metallic atom increases, similarly to the trend in the equilibrium distances for the fi rst two electronic states of the alkaline-earth monoborides BeB, MgB and CaB [17] , and alkaline-earth monocarbides BeC, MgC and CaC [19] . For both states of all molecules, our R e results are slightly shorter than previous theoretical studies, thus improving the agreement with experiment. For the adiabatic excitation energy (T e ), our results for BeF, MgF and CaF are respectively equal to 34902, 27674 and 16421 cm −1 . If reference is made to the experimental T e values, respectively equal to 33233.7, 27816.1 and 16489.8 cm −1 [1] , the present results provide a more accurate characterization than those estimated by previous theoretical results 35085, 28955 and 17712 cm −1 , respectively [10, 14] . The spectroscopic constants ω e and ω e χ e usually depend on the number of spacings and on the number of adjustable parameters. Our values were calculated with nine spacings and two parameters show an overall good agreement with previous studies. These results can somehow be used to assess the quality of the overall description of the present calculations. The dipole and transition moments as a function of the internuclear distance are plotted in Figs. 4 to 6 for the three molecules. Negative values of the dipole moment correspond to the polarity M + F − . As already obtained for the BeF molecule [11] , the dipole moments, for both states in all molecules, take on negatively increasing values until they reach a region where the confi gurations describing these states change character signifi cantly to properly describe the dissociation, as discussed before. At large distances the dipole moments go to zero reflecting the dissociation into neutral species. The transition moment functions initially show a linear behavior and then undergoes an abrupt change in the regions where the A 2 Π state changes its character due to an avoided crossing with a higher-lying excited state, and then go asymptotically to zero as expected, because the two states dissociate into the same channel. For BeF, our dipole and transition moment functions are similar to those calculated in previous work [11] ; for the MgF and CaF molecules, as far as we know, no previous dipole and transition moments have been reported.
Transition probabilities for emission as given by the Einstein A ν ν coeffi cients, and Franck-Condon factors (q ν ν ) for the A 2 Π → X 2 Σ + band system are presented in Tables II to  IV , respectively for the molecules BeF, MgF, and CaF. For all molecules, since the equilibrium internuclear distances for both states are close, and the potential energy curves are similar, predictions based on the Franck-Condon principle are expected to agree with those derived from the emission coeffi cients, i.e. strong diagonal transitions (∆ν = 0) will occur predominantly. Total transition probabilities (A ν ) and radiative lifetimes are listed in the bottom section of Tables II  to IV together with a check on the Franck-Condon sum rule (∑ ν q ν ν = 1). For the BeF molecule, the present lifetimes differ by approximately a factor of one-half from our previous work [11] due to a different convention used in the computation of the transition probabilities. The calculated radiative lifetimes for ν = 0 are equal to 6.81 ns, 7.16 ns, and 19.48 −1 ) , and radiative lifetime (ns) of various vibrational levels for the A 2 Π -X 2 Σ + band systems of BeF ns for BeF, MgF and CaF, respectively. Compared with the only known experimental result (for the CaF molecule), equal to 21.9 ± 4.0 ns [16] , our prediction turns out to be very good.
IV. CONCLUSIONS
The present work reports a comparative high-level theoretical characterization of spectroscopic properties and electronic transitions of the two lowest-lying doublet electronic states (X 2 Σ + and A 2 Π) of the isovalent molecules BeF, MgF, and CaF. For MgF, in particular, radiative transition probabilities and lifetimes are reported for the fi rst time. For all molecules, the most intense transitions are predicted to be those of the (0,0) band of the A 2 Π → X 2 Σ + system; other diagonal transitions are also expected to be strong. Radiative lifetimes for ν = 0 are predicted to be 6.81 ns, 7.16 ns, and 19.48 ns, respectively for BeF, MgF, and CaF. The value for the CaF molecule is in excellent agreement with the experimental result of 21.9 ± 4.0 ns [16] . For the other two molecules, due to the similarity of the theoretical approaches, we are confi dent that the present results can faithfully be used by in future investigations of these molecules. A ν ν (s −1 ) , Franck-Condon factors (second lines), total Einstein A ν coeffi cients (s −1 ), and radiative lifetime (ns) of various vibrational levels for the A 2 Π -X 2 Σ + band systems of CaF ν ν = 0 ν = 1 ν = 2 ν = 3 ν = 4 ν = 5
